Abstract: Diffraction enhanced imaging (DEI) is a powerful phasesensitive technique that generates the improved contrast of weakly absorbing samples compared to conventional radiography. The x-ray refraction contrast of the sample is an important contrast in DEI, and it vastly exceeds the absorption contrast for weakly absorbing samples imaging, which makes it hold great promise for medical, biological and material applications. In order to effectively utilize the refraction contrast, the key procedure is first to obtain the refraction information expressed as the refraction image. By comparing the signal-to-noise ratio (SNR) of the refraction image, x-ray radiation dose of the sample and the range of obtained refraction angles, the different refraction information extraction methods are investigated in this paper, and the experimental results confirm the conclusion. 
Introduction
The conventional radiography derives contrast from differences in x-ray absorption. For weakly absorbing samples such as biological soft tissues, polymers and so on, however, conventional radiography may achieve low contrast and spatial resolution. X-ray phasecontrast imaging (PCI) is a new emerging imaging technique that exploits a contrast mechanism based on differences in the x-ray refractive index distribution of a sample [1, 2] . Compared with the conventional radiography, PCI can offer higher contrast and spatial resolution for weakly absorbing samples, and can clearly display their inner structures [2] .
Diffraction enhanced imaging (DEI) is one of the different PCI techniques, and it has been widely studied and applied by scientists in many fields. DEI can generate contrast from a sample's x-ray absorption, refraction and ultra-small angle x-ray scattering (USAXS) properties, and it utilizes an analyzer crystal with high angular sensitivity to measure the three contrasts, which dramatically improves the contrast and spatial resolution of the images [3] . Among these contrasts, the refraction contrast is very important, and it is more sensitive to density variations of the weakly absorbing samples than the absorption contrast. In order to effectively utilize the x-ray refraction contrast of the sample, it need first obtain the refraction information expressed as the refraction image. Recently, the refraction information extraction becomes a hot issue in DEI [3] [4] [5] [6] [7] , and attains widespread studies and applications in biological and medical fields, such as breast cancer diagnosis, cartilage imaging, and so on [4, [7] [8] [9] . In this paper, different refraction information extraction methods are investigated and compared, and the experiments are utilized to validate the conclusion.
Principle of DEI
The DEI setup is sketched in Fig. 1 , and it is composed of two perfect crystals' monochromator-analyzer system with a sample placed between them [10] . The monochromator crystal is used to generate a nearly monochromatic x-ray beam. Then the monochromatic beam transmitted through the sample is incident upon the analyzer crystal, and the intensity of the x-ray beam reflected by the analyzer crystal is measured by a detector [3] . The rocking curve (RC) of DEI system describes the reflectivity of the analyzer crystal as a function of the incident angle, as shown in Fig. 2 , and the triangle labels indicate the selected points on the RC in DEI imaging. The full width half maximum (FWHM) of the RC is about a few micro-radians, which is approximately equal to Darwin width ( D w ) of the crystal, so the analyzer crystal has a high angular sensitivity. The diffracted intensity is picked up by setting the angle of analyzer crystal, and the observed DEI intensity can be given by ( )
where ( ) R θ is the analyzer reflectivity, namely the RC, θ is the setting angle of analyzer crystal, R I is the apparent absorption intensity, and θ Δ is the refraction angle of the x-ray passed through the sample. 
Refraction information extraction methods
When the x-ray penetrates through a sample, the interaction of x-ray with the sample can be expressed by the complex refractive index,
. The real part δ denotes the phase change of the x-ray due to the refraction, and the imaginary part β corresponds to the absorption. For the weakly absorbing samples, the values of δ can be several orders of magnitude larger than β terms, which makes the refraction contrast greatly exceed the absorption contrast.
In Eq. (1), ( ) R θ θ + Δ can be expressed by the Taylor expansion
where
The 
According to Eqs. (3) and (4), the accuracy of approximation is well enough for smaller refractions in the sample, but it can lead to sizeable errors with the increase of the refractions.
Combining Eqs. (1) and (4) 
Actually, the RC of DEI system can be well fitted by a Gaussian function, so ( )
where ( ) 
Thus, Eq. , and any refraction angle of more than the maximum value can not be calculated [11] . Actually, the first-order Taylor approximation of the RC in essence limits the range of obtained refraction angles in this method.
Based on Eq. (6), ( )
Compared with Eq. (4), Eq. (9) can overcome the first-order Taylor approximation of the RC.
In addition, Eq. (4) generally requires the angle θ to be set at
. However, Eq. (9) does not impose so strong a requirement, and thus it provides more flexibility in the choice of the angle θ . Using Eqs. (1) and (9), the intensities of the images taken at L θ and H θ can be expressed as follows
Based on Eq. (10), a new method is presented to obtain the refraction image. That is ln 8ln 2 (11), and furthermore, both the calculation methods need just two DEI images, which decreases the imaging time and x-ray radiation dose of the sample. Multiple image radiography (MIR) is a significant development over DEI based on a statistical analysis, and it can produce true absorption, refraction and USAXS images, respectively [4] [5] [6] [7] . Compared with the above two methods, MIR method is more robust to noise and produces more accurate refraction image, but it simultaneously increases x-ray radiation dose of the sample. In MIR, two series of images are acquired in N (N 
For the refraction images described by Eqs. (8), (11) and (12), the signal-to-noise ratio (SNR) can be defined based on the noise level in the background. That is ( )
where R,max 
Experimental results
The experiments were performed at the 4W1A beamline of Beijing Synchrotron Radiation Facilities (BSRF). As shown in Fig. 1 , The double-crystal DEI setup was used in the experiments. Two perfect Si(111) crystals were used as monochromator and analyzer. The xray beam energy was set at 9.4 keV. The detector employed an x-ray FDI-18mm camera system (Photonic Science Ltd.) with 1300×1030 pixels, and 10.9×10.9 μ m 2 per pixel. The guinea pig cochlea was selected as the sample.
The cochlea is a very complex micro-organ with unique function of generating hearing, which is attributed to its peculiar structural arrangement. The cochlear morphologic research is always the basis of hearing research. In this paper, the DEI technique was applied to the guinea pig cochlea imaging, and the acquired images were used to calculate the refraction image. Table 1 shows the ranges of refraction angles in the refraction images of the guinea pig cochlea, and the refraction images are calculated by Eqs. (8), (11) and (12), respectively. Note that the refraction image calculated by Eq. (12) was based on a 25-image series. For simplicity, DEI, EDEI and MIR in Table 1 denote the refraction information extraction methods that are based on Eqs. (8), (11) and (12) respectively. Obviously, a greater range of the refraction angles using the EDEI method can be obtained compared with the DEI method, and the MIR method vastly improves the range of the refraction angles. As an improvement on DEI method, EDEI method is used to further compare with MIR method using SNR of the refraction image and x-ray radiation dose of the sample. Figs. 3(a) and (b) respectively show SNR and exposure time of the refraction image of the guinea pig cochlea as a function of the image number. Note that the exposure time of the refraction image is the cumulative sum of the exposure time of images that are used to calculate the refraction image. As we all know, when the energy of the x-ray beam remains constant, x-ray radiation dose of the sample is in the direct ratio to exposure time. Because all images were acquired in the same energy, the exposure time can be used to indicate relative x-ray radiation dose of the sample. In Figs. 3(a) and 3(b) , the solid triangle label indicates SNR and exposure time of the refraction image in MIR method for the different image number series respectively, and the solid square label indicates SNR and exposure time of the refraction image obtained using EDEI method respectively. From Figs. 3(a) and 3(b) , we can see that SNR and exposure time of the refraction image in MIR method increase with the increase of image number, and a better SNR with less exposure time is found in the refraction image calculated using EDEI method, which is very important in biomedical imaging applications. Figs. 4(a) and (b) show the refraction images of the guinea pig cochlea, and they are obtained by use of EDEI and MIR methods respectively. The refraction image in Fig. 4(b) was calculated by MIR method based on a 25-image series. Although Fig. 4 (b) has higher SNR than Fig. 4(a) , they can both clearly display the holistic spiral structures and inner details of the guinea pig cochlea. According to anatomy knowledge of the inner ear and the atlas of inner ear, we can discern more micro-structures of the guinea pig cochlea such as modiolus, spiral lamina and so on. As expected, the refraction image shows a marked edge enhancement effect and results in a three-dimensional appearance, as shown in Figs. 4(a) and 4(b) . As shown above, EDEI method is a good choice in biomedical imaging applications when fully considering x-ray radiation dose of the sample, SNR of the refraction image and the obtained range of refraction angles. Of course, for the samples, such as polymers or fiber composites, their x-ray radiation doses do not have to be taken into too much consideration, and thus the long image series can be utilized to obtain the refraction image with a high SNR based on the MIR method.
Conclusion
The refraction image has higher contrast and spatial resolution than conventional radiograph for the weakly absorbing samples and thus it attains widespread applications in biological and medical fields. The refraction information extraction methods were compared and investigated in this paper. A method is presented to improve the original information extraction method that is based on a first-order Taylor approximation of the RC, and it can effectively extend the range of calculated refraction angles. Moreover, the proposed method can obtain a better refraction image and can decrease the exposure time of the sample due to the need of just two DEI images. Thus, it is a good choice in biomedical imaging applications compared with MIR method. MIR method vastly improves the range of the calculated refraction angles. The SNR of the refraction image in MIR method increases with the increase of the image number per series, but this simultaneously increases the imaging time and x-ray radiation dose of the sample.
